ABSTRACT Postaggregation Dictyostelium discoideum cells contain 2000-3000 mRNA species that are absent from pre-aggregation cells. These aggregation-dependent sequences compose 30% of the mass of the late mRNA and represent the transcription products of an additional 11% of the single-copy genome. By analysis of mutants that are blocked at different stages of differentiation, we show that induction of expression of these genes is correlated with the formation of tight cell-cell contacts that resist EDTA. In particular, mutants that exhibit chemotaxis and aggregate to form loose mounds but do not form cell-cell contacts that resist EDTA fail to induce these late mRNA and protein species. By contrast, mutants that form normal contacts but progress no further through development do express the-late mRNA species. Thus, interactions at the cell surface are involved .in developmental induction ofa large group ofcoregulated mRNAs. We have employed two independent assays for these developmentally regulated mRNAs: hybridization of gel-separated RNAs to cloned nuclear DNAs and hybridization of mRNA to a cDNA probe specific for the population of 2000-3000 regulated sequences.
Despite the morphological complexity of the developmental cycle ofDictyostelium discoideum, there is only one stage when expression of a large number of new genes is initiated: that of cell-cell aggregation (1) (2) (3) (4) . During the interphase of the developmental program the single-celled amoebae undergo an elaborate progmam ofcyclic AMP (cAMP)-mediated chemotactic cell signaling, resulting in the formation of aggregates of about 105 cells (5, 6) . Concomitantly, there are major alterations to the cell surface (7) (8) (9) (10) (11) (12) . The cells acquire a system ofEDTA-resistant cell-cell contacts that transform the loose aggregates into tightly contacted multicellular mounds (13) . A number of lectins, glycoproteins, and other antigenetic determinants have been identified that either are a part ofthe EDTA-resistent cell-cell contact system or are involved in some manner so as to allow the developmentally regulated appearance of these tight contacts (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . One such protein is discoidin, also termed carbohydrate-binding protein (CBP). It is a set ofgalactose-binding cellsurface lectins (17) (18) (19) (20) (21) . After formation of these tightly contacted mounds, a tip appears, followed by. differentiation of prespore and prestalk cells (5) .
In growing and pre-aggregating cells about 50% ofthe singlecopy genome is transcribed into nuclear polyadenylylated RNA, and 36% of these sequences are found on polysomes as mRNA (3, 24) . Expression of an additional 26% of the single copy genome into nuclear polyadenylylated RNA is initiated concomittant with the formation of tight cell-cell aggregates (3, 4) . Of these new heterogeneous nuclear RNA species, about a third of the sequence complexity, equivalent to 2000-3000 unique average-size polyadenylylated RNA sequences, appear on polysomes as new mRNA (3, 4, 24) . These aggregation-specific mRNAs represent 30% of the mass of the total mRNA population during late development. Those mRNA and heterogeneous nuclear RNA species that were expressed in growing and early aggregating cells continue to be present in the cytoplasm or nucleus, respectively, throughout development (3, 4) . Other studies, focusing on individual mRNAs, indicate that, whereas modulation of the levels of mRNAs and the rate of synthesis of proteins may occur throughout development, new gene expression appears to be largely confined to the stage of cell-cell aggregation (1, 2, 25, 26) .
By an analysis of mutants.blocked at discrete stages, we show here that postaggregation formation ofEDTA-resistant cell contacts is an essential prerequisite for induction of most, if not all, of the 2000-3000 regulated mRNAs.
MATERIALS AND METHODS
Conditions for growth and synchronous development of Dictyostelium discoideum strain AX3 have been described (1, 3) . Isolation and maintenance of developmentally defective mutants ofAX3 are described by Margolskee and Lodish (27) . HC6 is the axenic parent ofdevelopmental mutants HC54 and HC72 (28) . HJR-1 (CBP Al) is a mutant of NC4 that was reported to synthesize a defective carbohydrate-binding protein (discoidin I or CBP-26) that is unable to bind to galactose (21, 29) . It was the generous gift of Richard A. Lerner.
EDTA-resistant cell-cell contacts were assayed according to Ray et aL (21) . Cells plated for development are dispersed to a single-cell suspension in PDF buffer (1, 3) , made 10 
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b + indicates induction of the synthesis of two early proteins (the "45-min" proteins) synthesized between 45 and 90 min of development (32) . c Induction of the activity of the cell-bound phosphodiesterase assayed according to Henderson (33) and Boudreau and Drummond (34 (30, 39) . To identify and quantitate the amount of mRNAs homologous to these cloned DNAs, equal amounts ofcytoplasmic polyadenylylated RNA from wildtype and mutant cells were subjected to gel electrophoresis under denaturing conditions. The RNAs were then blotted onto nitrocellulose paper and immobilized there. After hybridization with 32P-labeled cloned DNA, the paper was washed and exposed to x-ray film. Controls established that the amount of all visualized bands was strictly proportional to the amount of added mRNA. mRNA bands 253a, 253b, 315a, and 315b appear only in RNA from 15-and 22-hr cells and are not detectable at earlier stages, and we consider these to be "aggregation-specific" mRNAs (30) . Normal amounts of these RNAs were present in the two mutants that formed EDTA-resistant cell contacts, GM2 and JM35. These RNAs were undetectable in all mutants blocked at earlier stages, including JM84 and HJR-1 (Fig. 3) . As controls, some of these clones (band 79 for example) encode mRNAs that are present at all stages of normal development ("conserved mRNAs"); these mRNAs are present in all of the mutant cells.
The results indicate that mutants that fail to aggregate (agg2, WL3) or that aggregate but fail to form EDTA-resistant cell contacts (JM84, HJR-1, the CBP mutant) also.fail to accumulate significant levels of late mRNAs. By contrast, mutants that do form these tight contacts induce most, ifnot all, ofthese mRNAs to normal (JM35) or near-normal (GM2) levels, irrespective of whether a tip is formed on the mounds.
A similar result is also observed when the synthesis ofa group of 20 aggregation-dependent polypeptides by these mutants is analyzed by two-dimensional polyacrylamide gel electrophoresis, as described by Landfear and Lodish (36) (see Table 1 ). destroyed immediately. Supporting this conclusion is our finding that nuclei from pre-aggregation cells synthesize, in vitro, only RNA complemtary to the "constitutive" cloned genes. By contrast, nuclei from 16-hr cells synthesize both "late" and "constitutive" mRNA species (unpublished data).
Achievement Table 1 ). (ii) Mutants (JM84, HJR1) that form loose aggregates of cells but no EDTA-resistant cell contacts fail to induce significant levels ofany ofthe regulated mRNAs. Thus, chemotaxis to cAMP and the close proximity of cells in aggregates may be necessary for induction of gene expression, but it is not sufficient. (iii) All mutants that form morphologically normal cell aggregates with normal EDTA resistant cell-cell contacts (GM2, JM35) make near-normal to normal amounts of most late mRNAs even though they fail to differentiate further. (iv) Disaggregation of tightly contacted mounds results in a rapid and specific loss of all late mRNAs. Transcription of late mRNAs is reduced severalfold, and there is also selective labilization of the entire class of 2000-3000 late mRNAs (30) . In these disaggregated cells cAMP will increase the rate of synthesis of most, but not all, late mRNAs; it may also act to stabilize these late mRNAs (30) .
cAMP, in our hands, stimulates the expression of aggregation-stage mRNAs only in single cells that have once formed cell-cell contacts. Suspension-starved aggregation-competent cells fail to induce significant levels ofany late mRNA or protein, either in the absence ofcAMP or in the presence ofcAMP added at 4, 8, 13, or 15 hr after initiation of starvation, provided they are maintained as single cells (refs. 30 and 36; unpublished observations). Expression of at least some aggregation-stage mRNAs by suspension-starved cells will occur when they form large agglomerates, a condition that allows cell-cell contact; under these conditions cAMP accelerates the appearance of these mRNAs (40) .
Thus these experiments establish a direct correlation between formation of EDTA-resistant cell contacts and expression of the entire class of aggregation-stage mRNAs. Whether this induction is the result of the contact event itself, subsequent coupling of cells through formation of junctions, or interaction Several other developmentally regulated cell surface proteins have been implicated in the formation of tight EDTA-resistant cell contacts. These are "contact-site A," a glycoprotein of Mr 80,000, and gp95 and gp15O, glycoproteins of Mr 95~,000 and 150,000, respectively (9, (13) (14) (15) (16) 46 ). It will be of great interest to determine whether surface expression and function of these proteins are directly involved in the induction of expression of the late aggregation-stage mRNAs. A temperature-sensitive mutant in which the EDTA-resistant cell contacts are specifically disrupted at the nonpermissive temperature may define additional components of this interaction (47) .
